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Abstract 

Hybrid  electric  vehicles  (HEV)  need  long-lived  high-power  batteries  as  energy  storage  devices.  Batteries  based  on  lithium-ion  technology 
can  meet  the  high-power  goals  but  have  been  unable  to  meet  HEV  calendar-life  requirements.  As  part  of  the  US  Department  of  Energy’s 
Advanced  Technology  Development  (ATD)  Program,  diagnostic  studies  are  being  conducted  on  18650-type  lithium-ion  cells  that  were 
subjected  to  accelerated  aging  tests  at  temperatures  ranging  from  40  to  70  °C.  This  article  summarizes  data  obtained  by  gas  chromatography, 
liquid  chromatography,  electron  microscopy,  X-ray  spectroscopy  and  electrochemical  techniques,  and  identifies  cell  components  that  are 
responsible  for  the  observed  impedance  rise  and  power  fade. 

©  2003  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

High-power  lithium-ion  batteries  are  promising  alterna¬ 
tives  to  the  nickel  metal  hydride  batteries  currently  used  for 
energy  storage  in  hybrid  electric  vehicles  (HEV).  Commer¬ 
cialization  of  lithium-ion  batteries  is,  however,  limited  by 
calendar-life  performance,  thermal  abuse  characteristics, 
and  cost.  The  Advanced  Technology  Development  (ATD) 
Program  was  established  by  the  US  Department  of  Energy  to 
address  these  limitations.  An  important  objective  of  this 
program  is  the  development  and  application  of  diagnostic 
tools  that  provide  unique  ways  to  investigate  the  phenomena 
that  limit  lithium-ion  cell  life  and  performance. 

As  part  of  the  ATD  program,  accelerated  aging  and  thermal 
abuse  tests  were  conducted  on  cylindrically  wound  (18650- 
type)  ~  I  Ah  capacity  cells  fabricated  by  an  industrial  man¬ 
ufacturer  using  a  high-power  multi-tab  design.  In  the  baseline 
(Gen  1)  cells,  the  positive  electrode  laminates  comprised  a 
~40  pm  coating  containing  84  wt.%  LiNio.8Coo.2O2,  4  wt.% 
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SFG-6  graphite,  4  wt.%  acetylene  black,  and  8  wt.%  poly- 
vinylidene  fluoride  (PVdF)  binder  on  a  20  pm  thick  A1  foil. 
The  negative  electrode  laminates  comprised  a  ~40  pm  coat¬ 
ing  containing  75  wt.%  MCMB-6  graphite,  17  wt.%  SFG-6 
graphite,  and  8  wt.%  PVdF  binder  on  a  12  pm  thick  Cu  foil.  A 
37  pm  thick  three-layer  polymer  membrane  was  used  as  the 
separator,  and  the  electrolyte  was  1  M  LiPF6  in  ethylene 
carbonate  (EC):diethyl  carbonate  (DEC)  (1:1  wt.%)  solvent. 

The  Gen  1  cells  that  were  subjected  only  to  formation 
cycles  met  the  high-power  performance  criteria  established 
for  HEV  energy  storage  systems  [  1  ] .  The  cells,  however,  lost  a 
significant  portion  of  their  high-power  capability  during 
prolonged  storage  at  fixed  voltages  (3.6-3.92  V)  at  tempera¬ 
tures  ranging  from  40  to  70  °C;  the  rate  of  power  loss  was 
greater  for  cells  held  at  the  higher  voltages  and  higher  test 
temperatures  [2].  The  rate  of  power  loss  was  also  higher  for 
cells  that  were  cycled  about  the  nominal  voltage  according  to 
a  defined  profile  that  consisted  of  charge  and  discharge  pulses. 
In  addition,  the  power  loss  values  for  the  cells  were  two  to  five 
times  greater  than  the  corresponding  capacity  loss  values. 

Various  diagnostic  tools  helped  determine  the  nature  and 
extent  of  physical,  chemical,  and  structural  changes  in  cell 
components  that  resulted  from  the  aging  tests  [3-8].  This 
article  summarizes  the  results  of  diagnostic  examinations 
conducted  at  Argonne  National  Laboratory  (ANL)  and  at 
the  University  of  Illinois  at  Urbana-Champaign  (UIUC). 
Reference  electrode  (RE)  and  symmetric  cell  studies  were 
conducted  to  identify  positive  and  negative  electrode  con- 
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tributions  to  the  impedance  rise.  Electrode  and  separator 
materials  were  characterized  by  microscopy  and  spectro¬ 
scopy  techniques  to  determine  the  extent  of  aging-induced 
material  degradation.  Electrolyte  changes  and  gases  gener¬ 
ated  during  cell  aging  were  monitored  to  identify  electrode¬ 
electrolyte  reactions.  These  data  will  guide  the  development 
of  future  lithium-ion  cell  designs  and  chemistries. 

2.  Experimental  techniques 

Cells  were  discharged  to  ~3.1  V  after  test  completion.  A 
cell-puncture/gas-collection  fixture  was  used  to  collect  and 
to  determine  gas  volumes  in  the  cells.  Gas  composition  was 
determined  using  He  carrier  gas  with  a  Hewlett-Packard 
(HP)  6890  series  gas  chromatograph.  A  thermal  conductivity 
detector  was  used  to  study  non-combustible  gases  and  a  HP 
5973  mass  selective  detector  was  used  to  study  hydrocarbon 
gases.  The  punctured  cells  were  centrifuged  to  extract  the 
electrolyte,  which  was  analyzed  by  Hitachi  D-7000  high- 
performance  liquid  chromatograph.  The  analysis  was  con¬ 
ducted  with  a  water-acteonitrile  (60  vol.%:40  vol.%) 
mobile  phase  and  a  refractive  index  detector. 

Electrode  materials  studied  were  from  three  categories: 
fresh,  control  and  aged.  The  fresh  samples  had  no  electrolyte 
contact.  The  control  samples  were  from  cells  that  underwent 
formation  cycles  but  were  not  aged;  by  definition,  the 
capacity-  and  power-fade  of  these  cells  were  zero.  The  aged 
samples  were  from  18650-cells  that  underwent  calendar- 
and  cycle-life  tests  [2].  Pulse  power  capability  of  these  cells 
was  calculated  from  impedance  data  obtained  from  the 
hybrid  pulse  power  characterization  test.  Increase  in  cell 
impedance  during  aging  resulted  in  loss  of  cell  power,  i.e. 
power  fade. 


Reference  electrode  (RE)  cells  were  prepared  with 
15.5  cm2  positive  and  negative  materials  from  the  control 
and  aged  18650-cells  [6].  The  RE  was  a  Li-Sn  alloy  on  the 
tip  of  a  25  pm  thick  Cu  wire,  which  was  insulated  by  a  3  pm 
thick  layer  of  polyurethane  enamel  to  prevent  mixed  poten¬ 
tials  along  the  length  of  the  wire.  A  double-separator  con¬ 
figuration  isolated  the  RE  from  the  cell  electrodes. 
Impedance  values  were  calculated  from  the  potential  change 
of  each  electrode  relative  to  the  RE  during  high-current 
pulse-charge  and  discharge  measurements. 

Symmetric  coin  cells  (1.6  cm2  electrode  area)  that  con¬ 
tained  either  two  positive  or  two  negative  electrodes  were 
prepared  to  complement  reference  electrode  cell  data  [5].  A 
full  cell  (15.5  cm2  electrode  area),  prepared  with  positive 
and  negative  electrode  materials  from  the  18650-cells  and 
charged  to  a  desired  voltage,  was  disassembled  to  provide 
materials  for  the  symmetric  cells.  The  ac  impedance  mea¬ 
surements  (0.01  Hz  to  100  kHz)  were  conducted  to  deter¬ 
mine  aging-induced  changes  in  the  symmetric  cells. 

An  Hitachi  S-4700  scanning  electron  microscope  (SEM) 
and  a  JEOL  201  OF  transmission  electron  microscope  (TEM) 
operating  at  200  kV  were  used  to  determine  changes  in 
material  composition  and  crystal  structure.  Electrode  sur¬ 
faces  were  characterized  by  a  Kratos  AXIS  Ultra  X-ray 
Photoelectron  Spectrometer  (XPS). 

3.  Results  and  discussion 

3.1.  Electrochemical  studies  on  electrode  materials 

Representative  area  specific  impedance  (ASI)  data  from 
RE  cells  prepared  with  materials  from  a  control  and  an  aged 
18650-cell  are  shown  in  Fig.  1.  It  is  evident  from  the  figure 


Fig.  1.  Area  specific  impedance  (ASI)  determined  from  reference  electrode  cells  prepared  from  materials  obtained  from  aged  (70  °C,  2  weeks)  and  control 
(formation  only)  18650-cells:  (a)  aged  full  cell,  (b)  aged  positive  electrode,  (c)  control  full  cell,  (d)  control  positive  electrode,  (e)  aged  negative  electrode  and 
(f)  control  negative  electrode.  The  ASI  increase  can  be  mainly  attributed  to  the  positive  electrode. 
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Fig.  2.  Symmetric  cell  ac  impedance  data  from  (a)  negative  electrode  and 
(b)  positive  electrode  materials  from  aged  (70  °C,  2  weeks)  and  control 
(formation  only)  18650-cells. 

that  ASI  values  are  higher  for  the  aged  materials.  In  addition, 
the  positive  electrode  ASI  increase  is  much  larger  than  that 
of  the  negative  electrode,  which  suggests  that  the  positive 
electrode  is  the  main  contributor  to  the  18650-cell  ASI 
increase.  Representative  symmetric  cell  data  shows  that 
the  impedance  increase  of  the  positive  electrodes  is  signifi¬ 
cantly  greater  than  that  of  the  negative  electrodes  (Fig.  2). 
Furthermore,  the  semi-circular  arc  at  medium  frequency, 
which  is  related  to  lithium-ion  transport  and  charge-transfer 
kinetics  at  the  positive  electrode-electrolyte  interface, 
increases  significantly  after  accelerated  aging. 


(a) 


3.2.  Positive  electrode  coating  characterization 

Representative  SEM  images  (Fig.  3)  from  fresh  positive 
electrode  laminates  showed  LiNio.gCoo.2O2  particles,  gra¬ 
phite,  acetylene  black  and  the  PVDF  binder.  Surface  films, 
observed  on  laminates  from  control  cells,  were  a  mixture  of 
electrolyte  residue  and  electrode-electrolyte  interaction  pro¬ 
ducts.  Oxide  particles  from  aged  cells  showed,  in  addition, 
particulate-type  features  (see  Fig.  4),  which  appear  to  have 
resulted  from  localized  reactions  at  the  oxide  surface. 

Representative  XPS  spectra  from  fresh  positive  electrode 
laminates  (see  Fig.  5)  showed  peak  intensities  corresponding 
to  (a)  graphite  and  PVdF  binder  in  the  C  Is  spectra,  (b) 
LiNio.8Coo.2O2  and  Li2C03  peaks  in  the  O  Is  spectra,  and  (c) 
PVdF  and  LiF  in  the  F  Is  spectra;  the  LiF  results  from 
LiNio.8Coo.2O2  reaction  with  HL  produced  by  dehydrofluor- 
ination  in  the  binder  during  laminate  preparation.  Spectra 
from  control  samples  showed  additional  intensities  related  to 
C-H,  C-O  and  -OCO2  peaks  in  the  C  Is  spectra,  which  are 
believed  to  arise  from  hydrocarbons  (polymers),  lithium 
alkoxides  (ROLi)  and  lithium  alkyl  carbonates  (R0C02Li); 
polycarbonates  (ROCOoR')  and  polyethyleneoxide  (PEO) 
are  alternative  possibilities.  Intensities  associated  with  PEO, 
ROLi,  R0C02Li  and  R0C02R'  were  observed  in  the  Ols 
spectra.  Relatively  strong  LiF  peaks  were  observed  in 
addition  to  PVdF  peaks  in  the  FIs  spectra,  and  intensities 
from  Li^PF,,-  and  LiAPOv-type  compounds  were  seen  in  the  P 
2p  spectra. 

In  general,  the  XPS  peak  profiles  of  aged  samples  were 
similar  to  those  of  the  control  samples.  Furthermore,  peak 
profiles  of  samples  aged  at  40,  50,  60,  and  70  °C  were 
similar,  indicating  that  the  same  surface  compounds  were 
formed  at  the  various  test  temperatures;  representative  data 
from  the  70  °C  samples  are  compared  with  the  fresh  sample 
spectra  in  Fig.  5.  The  peak  locations  were  also  unaffected  by 
the  calendar-life  test  duration  and  the  cell  voltage  during 
aging. 

In  the  O  Is  spectra,  the  LiNio.gCoo 2O2  signal  was  rela¬ 
tively  strong  for  the  fresh  sample  but  the  intensity  of  this 
peak  was  either  much  lower  or  absent  for  the  higher  tem¬ 
perature  samples.  This  decrease  in  peak  intensity  indicated 


(b) 


Fig.  3.  Typical  micrographs  from  a  fresh  positive  electrode  laminate  showing  (a)  oxide,  graphite  and  acetylene  black  (marked  by  double  arrows),  and  (b) 
PVdF  binder. 
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(a)  (b) 

Fig.  4.  Particulate-type  features  (marked  by  arrows)  observed  on  surfaces  of  oxide  particles  in  positive  electrodes  from  (a)  40  °C  calendar-life  cell,  (b)  70  °C, 
cycle-life  cell. 


the  presence  of  a  surface  film  on  the  LiNi0 .8C00.2O2  particles 
that  was  thicker  for  the  higher  temperature  samples.  The 
absence  of  peak  intensity  for  the  60  and  70  °C  samples 
suggested  that  the  surface  film  was  thicker  than  the  escape 
depth  of  photoelectrons  originating  from  LiNio.gCoo.2O2.  In 
contrast,  the  graphite  peak  at  284.5  eV  in  the  C  Is  spectra 
(see  Fig.  5)  was  strong  even  for  the  aged  samples.  This 
difference  between  the  graphite  and  LiNio.gCoo.2O2  peak 
intensities  suggested  that  the  LiNio.gCoo.2O2  particles  were 
preferentially  covered  by  surface  films.  An  increase  in  sur¬ 
face  film  thickness,  especially  on  the  oxide  particles,  could 
have  contributed  to  increased  charge-transfer  resistance  at 
the  cathode-electrolyte  interface  and  hence  to  impedance 
rise  measured  in  the  aged  cells. 

The  charge-transfer  resistance  increase  could  also  have 
resulted  from  structural  changes  on  the  oxide  particle  sur¬ 
faces  [8].  High-resolution  electron  microscope  (HREM) 


data  have  shown  that  Li  cNi , _vO-type  surface  regions  (NaCl 
structure)  are  present  on  the  bulk  layered  (a-NaFe02 
structure)  material  (see  Fig.  6).  These  modified  oxide  sur¬ 
face  layers  were  ~2— 5  nm  thick  in  samples  from  0%  power 
fade  cells  and  >35  nm  in  samples  from  43%  power  fade 
cells.  This  increase  in  thickness  on  cell  aging  could  result 
from  (a)  occupation  of  Li  layers  by  Co  and  Ni,  and  (b) 
oxygen  loss  from  the  surface  regions  by  reactions  with  the 
electrolyte. 

3.3.  Negative  electrode  coating  characterization 

SEM  images  from  a  fresh  negative  electrode  laminate 
showed  the  spherical  MCMB  graphite  and  the  plate-like 
SFG  graphite  contained  in  the  composite  coating.  The  C  Is 
XPS  spectra  from  the  fresh  laminate  showed  peaks  from  the 
graphites  and  PVdF  binder.  Samples  from  control  cells  did 
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Fig.  5.  Representative  C  Is,  O  Is  and  F  Is  XPS  spectra  from  fresh  (no  electrolyte  contact)  and  aged  (70  °C,  2  weeks)  positive  electrode  laminates. 
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Fig.  6.  HREM  image  of  LiNio.8Co0.202  from  a  43%  power  fade  sample.  The  fast  Fourier  transform  (FFT)  patterns  show  clear  differences  between  the  bulk 
and  near- surface  regions. 


not  show  the  graphite  peaks,  which  indicated  the  presence  of 
an  SEI  layer;  the  thickness  of  this  layer  was  greater  than  the 
escape  depth  of  photoelectrons  ejected  from  the  graphite 
(~2  nm).  The  various  XPS  data  [7]  suggested  that  the  SEI 
layers  contained  a  mosaic  of  microphases,  which  included 
both  solvent  reduction  products  such  as  alkyl  carbonates  and 
ethoxides  and  salt  reduction  products  such  as  LiF  and  LivPFv. 
Species  such  as  LiPFvOz,  which  could  have  formed  from 
LiPf>,  decomposition  and  hydrolysis,  and  polymeric  com¬ 
pounds  such  as  PEO  may  also  have  been  present  in  the  SEI 
layers. 

Samples  from  aged  cells  showed  XPS  spectra  that  were 
mostly  similar  to  those  from  the  control  cells.  The  main 
differences  were  (a)  strong  LLCO3  peaks  in  the  C  Is  spectra 
of  aged  samples,  which  could  have  resulted  from  the  decom¬ 
position  of  lithium  alkyl  carbonates  at  the  elevated  storage 
temperatures,  and  (b)  graphite  peaks  in  the  C  Is  spectra  of 
aged  samples,  which  suggested  that  the  original  SEI  layer 
had  decomposed  partially  exposing  some  of  the  underlying 
graphite.  The  capacity  fade  observed  in  the  cells  could  be  the 
consequence  of  lithium  consumption  during  the  breakdown 
and  reformation  of  the  SEI  layers. 

3.4.  Current  collector  characterization 

Current  collector  samples  from  fresh,  control  and  aged 
positive  electrode  laminates  were  examined  to  elucidate  the 
role  of  Al  pitting  to  cell  power  fade.  SEM  images  from  fresh 
laminates  showed  pits/mechanical  indentations  that  resulted 
from  the  calendaring  process.  The  size  and  density  of  pits  in 
foils  from  cells  aged  at  <50  °C  were  similar  to  those  in  the 
fresh  laminate,  which  indicated  that  the  impedance  rise 
observed  in  these  cells  was  not  a  result  of  foil  pitting.  Pit 
sizes  and  densities  were  significantly  greater  in  samples 
aged  at  >60  °C;  sample  pitting  may  have  contributed  to 
impedance  rise  in  these  cells.  Pits  were  not  observed  on 


negative  electrode  foil  samples,  which  indicated  that  the 
copper  current  collector  did  not  contribute  to  cell  impedance 
rise. 

3.5.  Separator  characterization 

SEM  studies  were  performed  on  separator  samples  to 
determine  the  contributions  of  separator  degradation  and/or 
plugging  to  cell  power  fade.  A  typical  micrograph  from  a 
new  separator  sample  showed  both  small  and  large  pores 
through  which  the  Li  ions  move  during  electrochemical 
cycling.  Deposits  were  observed  on  unwashed  separator 
samples  from  the  aged  cells,  with  more  deposits  on  the 
anode  side  than  on  the  cathode  side.  These  deposits  are 
believed  to  be  surface  layer  remnants  from  the  electrode 
materials  that  adhere  to  the  separator  during  cell  disassem¬ 
bly.  The  surface  deposits  were  easily  removed  by  washing 
the  samples  in  a  mixture  of  water  and  DMC.  The  pore  size 
distribution  of  washed  separator  samples  from  aged  cells 
were  similar  to  the  new  separator  sample.  Furthermore,  the 
ASI  values  for  cells  prepared  with  these  aged-washed 
separator  samples  were  similar  to  those  obtained  from 
cells  employing  new  separators,  which  suggested  that  the 
separator  contribution  to  18650-cell  power  fade  was  very 
small. 

3.6.  Gas  generation  and  electrolyte  changes 

The  control  cells  contained  hydrocarbon  gases  such  as 
C2H6,  CH4,  C2H2,  C2H4  and  a  small  amount  of  C02,  which 
were  generated  during  the  formation  process.  Half-cell 
experiments  with  Gen  1  electrodes  and  Li  metal  indicated 
that  a  majority  of  these  gases  are  generated  at  the  negative, 
and  are  associated  with  electrolyte  reduction  and  formation 
of  the  SEI  layer.  Cell  gas  volumes  increased  during  accel¬ 
erated  aging.  The  C02  content  and,  especially,  CO  content  of 
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the  cells  increased  with  aging  temperature,  which  could  have 
resulted  from  the  breakdown  and  reformation  of  the  SEI 
layer  during  cell  aging. 

The  Gen  1  electrolyte  formulation  was  1  M  LiPF6  in 
1:1  wt.%  EC:DEC.  Transesterification  between  EC  and 
DEC  produces  ~4  wt.%  diethyl-2, 5-dioxahexanecarboxy- 
late  (DEDOHC)  in  the  control  cells.  Quantitative  analysis 
showed  that  the  electrolyte  compositions  of  aged  cells 
were  similar  to  those  of  control  cells.  The  aging  tempera¬ 
ture,  nominal  cell  voltage,  and  test  period  had  little  effect 
on  the  bulk  electrolyte  composition.  It  was  evident  that 
the  electrode-electrolyte  reactions,  which  produce  SEI 
layers  on  the  negative  electrodes  and  surface  films  on  the 
positive  electrodes,  produced  little  change  in  the  bulk 
electrolyte. 

4.  Conclusions 

A  suite  of  diagnostic  techniques  was  employed  to  deter¬ 
mine  the  reasons  for  impedance  rise  and  resulting  power 
fade  in  lithium-ion  cells.  Electrochemical  techniques,  which 
employed  both  ac  and  dc  measurements  showed  that  the 
positive  electrode  was  the  main  contributor  to  cell  impe¬ 
dance  rise  during  cell  aging.  Furthermore,  the  impedance 
rise  was  controlled  by  lithium-ion  transport  and  charge- 
transfer  kinetics  at  the  positive  electrode-electrolyte  inter¬ 
face.  This  impedance  rise  may  be  correlated  with  surface 
film  changes  and  crystal  structure  changes  on  the  surface  of 
LiNi0  8C00.2O2  particles.  SEI  layer  changes  may  explain  the 
slow  impedance  rise  at  the  negative  electrodes.  The  electro¬ 
lyte  indirectly  contributes  to  impedance  rise  through  its 
participation  in  reactions  that  produce  surface  films  on 
the  positive  electrode  and  SEI  layers  on  the  negative  elec¬ 
trode.  The  cell  separator  and  the  electrode  current  collectors 


are  not  likely  contributors  to  cell  impedance  rise,  especially 
at  aging  temperatures  <50  °C. 
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